Absorption spectra of the 7 F J , 5 D 4,3,2 , 5 G 6,5,4 , and 5 L 10,9 multiplet manifolds of Tb 3+ ͑4f 8 ͒ in D 2 sites in cubic garnet Tb 3 Ga 5 O 12 ͑TbGaG͒ are investigated at sample temperatures between 1.8 K and room temperature. Absorption measurements extend from 5000 to 340 nm. From analyses of temperature-dependent ͑hot-band͒ absorption spectra, many of the crystal-field split energy ͑Stark͒ levels of the 2S+1 L J multiplet manifolds of Tb 3+ are identified and confirmed from analyses of the fluorescence spectra observed between 485 and 680 nm, representing transitions from the 5 D 4 to the 7 F J manifolds. Each manifold is split by the crystal field into 2J + 1 Stark levels. Some of these manifolds, including the ground-state manifold 7 F 6 , consist of Stark levels that are accidentally degenerate, or nearly so, making transitions to or from these levels appear as unresolved spectra, even at the lowest temperature investigated ͑1.8 K͒. To resolve these spectra, we have investigated the Zeeman and magneto-optical spectra for representative manifolds 5 D 4 , 7 F 5 , and 7 F 6 at temperatures of 78 and 85 K and magnetic fields up to 7 kOe. The data are interpreted using the Stark levels and wave functions from a crystal-field splitting calculation that involved 80 individual Stark levels identified from the optical spectra of the 7 F J and quintet states reported in this study. Good agreement is obtained between the calculated and the experimental Stark levels. The calculated energy and symmetry label for each Stark level in the 5 D 4 , 7 F 5 , and 7 F 6 manifolds suitably interpret the spectral properties observed in the magneto-optical spectra, including the experimental assignment reported in the literature for the ground state as a quasidoublet ͕⌫ 1 , ⌫ 2 ͖.
I. INTRODUCTION
As a series, the rare-earth gallium garnets R 3 Ga 5 O 12 ͑RGaG͒ serve as important host crystals for numerous spectroscopic and magnetic studies on the trivalent rare-earth ions ͑R 3+ ͒. [1] [2] [3] [4] [5] [6] [7] When these ions replace Y 3+ in isostructural Y 3 Ga 5 O 12 , ͑YGaG͒, they exhibit spectroscopic properties that make them popular solid state lasers since the material is mechanically hard, optically isotropic, and chemically stable. 1, 2, 4 Even the RGaG garnets often display sharp absorption and, in some cases, fluorescence spectra. 2 Both the optical and magnetic properties of the garnets make them useful in a wide variety of applications. Some of the strongest magneto-optical effects are observed in RGaG, especially when the R 3+ ion is Tb 3+ . [7] [8] [9] [10] [11] [12] [13] Recently, Kaminskii et al. 13 obtained multiple Stokes and anti-Stokes emissions by stimulated Raman scattering in cubic TbGaG using picosecond laser excitation.
The electronic structure of Tb 3+ ͑4f 8 ͒ consists of eight equivalent 4f electrons, making it a non-Kramers ion. 1, 3 In the cubic garnet lattice, the Tb 3+ ion occupies six nonequivalent dodecahedral sites having orthorhombic symmetry. Each site has a D 2 symmetry. 12, [14] [15] [16] [17] In this symmetry each multiplet manifold labeled 2S+1 L J is split by the crystal field into 2J + 1 nondegenerate energy ͑Stark͒ levels labeled ⌫ 1 , ⌫ 2 , ⌫ 3 , or ⌫ 4 according to the irreducible representations of the D 2 group. 5, 18 Above the ordering temperature ͑0.24 K͒ ͑Refs. 10 and 11͒ TbGaG exhibits anisotropic magnetic susceptibility and steplike magnetization that suggest that the ground-state manifold 7 F 6 , consists of numerous closely spaced Stark levels. 5, 19, 20 It is the distribution of the 13 nondegenerate a͒ Author to whom correspondence should be addressed; electronic mail: johnbgruber@yahoo.com
Stark levels of the ground-state manifold, 7 F 6 ͑4⌫ 1 , 3⌫ 2 , 3⌫ 3 , and 3⌫ 4 ͒, and the distribution of Stark levels in other manifolds as well that lead to the magnetic and magnetooptical effects that are observed in terbium gallium garnet. [5] [6] [7] [8] [9] [10] [11] 19 From an analysis of the transverse Zeeman effect observed in absorption by the 5 D 4 manifold, Kolmakova et al. 20 identified the ground state as a quasidoublet consisting of two nondegenerate Stark levels labeled ͕⌫ 1 , ⌫ 2 ͖. Two closely spaced excited Stark levels between 43 and 50 cm −1 were assigned to this manifold by Koningstein and Kane-Maguire 21 from a study of the electronic Raman spectrum of TbGaG. For Tb 3+ in isostructural YGaG, Joshi and Page 22 reported a list of Stark levels for 7 F 6 at 0, 4, 15, 42, 76, 98, and 273 cm −1 . While this list does not include all 13 Stark levels expected for the manifold, some of the levels reported may be accidentally degenerate. A complete tabulation of experimental Stark levels associated with the Tb 3+ manifolds in TbGaG has not appeared in the literature. 3, 5, 7 We report the absorption spectra of the 7 F J multiplet manifolds ͑5000 to 1700 nm͒ and the absorption spectra of the 5 D 4,3,2 5 G 6, 5, 4 , and the 5 L 10,9 multiplet manifolds ͑490 to 340 nm͒ at sample temperatures between 1.8 K and room temperature. Within each manifold, where Stark levels are well separated in energy, the energy of individual Stark levels can be assigned by analyzing the fully resolved temperature-dependent ͑hot-band͒ absorption spectra. The observed crystal-field splitting of the 7 F J manifolds is confirmed by an analysis of the fluorescence spectra, 5 D 4 → 7 F J , obtained between 490 and 680 nm at sample temperatures between 8 and 300 K. Since the splitting of the 5 D 4 manifold is about 150 cm −1 , we are able to confirm the Stark-level structure for this manifold as well from analyses of the temperature-dependent fluorescence spectra.
Some manifolds, such as the 5 D 4 and the ground-state manifold 7 F 6 , consist of Stark levels that are accidentally degenerate, or nearly so, making transitions to or from these levels appear as unresolved spectra, even at the lowest temperatures investigated. To interpret these spectra, we have carried out magneto-optical experiments that allow us to distinguish among the Tb 3+ ions that occupy the nonequivalent D 2 sites and thereby determine the nontrivial character of the Stark splitting. The selection rules for transitions between Stark levels of magneto-optically active ions allow us to establish the symmetry of the wave functions of the Stark levels involved.
The Zeeman and magnetically induced circular polarized emission ͑MCPE͒ spectra for the 5 
II. DETAILS OF THE OPTICAL SPECTRA
Single crystals of TbGaG were grown by the Czochralski method. 15, 16 Crystals containing approximately 60 ppm Ca and 60 ppm Ce, based on a spectrochemical analysis of the material, were cut as cylindrical disks 0.5 mm in thickness with a diameter of 5 mm. The cylinder axis was parallel to ͓111͔.
The infrared absorption spectra shown in Figs. 1 and 2 ͑ 7 F 5 and 7 F 4 , respectively͒ were obtained by Amin and Lengyel using a high resolution Jasco 300E Fourier transform scanning infrared ͑FTIR͒ spectrometer having a globar lamp as the light source. A deuterated triglycine sulfate crystal was used as the detector. Spectral resolution was maximized for each absorption group separately between 5000 and 1700 nm. Samples were cooled to nominal temperatures of 8, 80, and 300 K using a conduction Dewar. Temperaturedependent ͑"hot-band"͒ absorption spectra were assigned as electronic transitions from Stark levels in the ground-state manifold, 7 F 6 , to Stark levels in excited 7 F J manifolds. The absorption spectra of the 7 F 3 , 7 F 2 , and 7 F 1 manifolds observed between 2300 and 1700 nm ͑Figs. 3 and 4͒ were obtained by Sardar and Yow with a Cary model 14R spectrophotometer controlled by a desktop computer. Spectra were taken at 0.1 nm intervals with an average spectral bandwidth of 0.5 nm over the wavelength range investigated. Samples were mounted on a cold finger of a closed-cycle helium refrigerator, and spectra were recorded at nominal temperatures of 8, 80, and 300 K. Fluorescence spectra were also obtained from the 5 D 4 to the 7 F J manifolds at the same nominal temperatures. These spectra were observed between 490 and the 680 nm and were collected at right angles with respect to the argon-ion laser excitation source ͑488 nm͒ and focused onto the entrance slit of a SPEX model 340E scanning monochromator.
Absorption spectra of the quintet states 5 D 4,3,2 , 5 G 6,5,4 , and 5 L 10,9 observed between 490 and 340 nm were obtained by Valiev and his co-workers using a double-diffraction monochromator LOMO ͑St. Petersburg͒ model 23 that had a spectral resolution generally better than 0.05 nm over the wavelengths investigated. A calibrated photomultiplier tube was used as a detector, and a 200 W xenon lamp was used as the light source. The absorption spectrum was obtained with samples oriented between two quartz light guides and immersed in liquid nitrogen ͑78 K͒. Absorption spectra of the Fig. 6 we show the absorption of circularly polarized light by the 5 D 4 manifold ͑485-490 nm͒ in the presence of an external magnetic field up to 7 kOe with the sample parallel to the ͓110͔ at a sample temperature of 85 K. The longitudinal Zeeman effect with light parallel to the direction of the magnetic field was obtained using a Xe lamp as the light source. Absorption transitions of opposite circular polarization were separated using a phase-shifting plate ͑Fresnel rhomb͒ and a linear polarizer. Relative error of the measured absorption coefficients was 2%-3%. Figure 7 provides a possible scheme for transitions shown in Fig. 6 that is discussed in detail in a later section.
The Valiev group also measured the fluorescence from 5 D 4 to 7 F 6 , 7 F 5 , and 7 F 4 at 85 K. A set of filters and a mercury discharge lamp were used for excitation. Samples were attached to the cold finger of a conduction Dewar filled with liquid nitrogen. A calibrated photomultiplier tube was used for detection of the fluorescence signal. In addition, they observed magnetic circularly polarized emission ͑MCPE͒ spectra obtained at 85 K for transitions between 5 D 4 and 7 F 5 . Figure 8 ͑upper part͒ shows the spectral dependence of the degree of polarization in an external magnetic field of 7 kOe with the light parallel to the crystallographic axis ͓111͔. The magnetic field is also parallel to this axis. Fig. 6 , where the sample is oriented so that the magnetic field and light propagation ͑a͒ are parallel and in the same direction and ͑b͒ are in opposite parallel directions along the ͓110͔ axis.
Data were obtained using a method that involves luminescence polarization modulation by a photoelastic modulator. An error between 2%, and 3% was determined at the center of the luminescence peak that increased up to 5% at the edge. 23, 24 Transitions are listed in Table I The UV absorption spectra for multiplet manifolds of 5 D 4,3,2 , 5 G 6,5,4 , and 5 L 10 were analyzed and are listed in Table III . With the exception of the 5 D 4 manifold, the assigned transitions are associated with multiplet manifolds that overlap due to the size of the individual manifold splitting. Table III shows the large mixing between states for some Stark levels. Analyses of the hot bands associated with transitions from the ground-state quasidoublet to isolated excited Stark levels in the quintet states support the experimental splitting of the 7 F 6 manifold that is reported in Table II . In the 5 L 10 manifold, we find several groups of absorption peaks that have an unresolved structure and represent transitions from the ground-state to the nearly degenerate Stark levels in the excited manifold. These spectra are currently being investigated by the authors through analyses of the magneto-optical spectra. 23 The fluorescence spectra from the 5 D 4 manifold to the 7 F J multiplet manifolds are listed in Table IV . Fluorescence to 7 F 6,5,4 were obtained at 85 K, the same temperature at which the magneto-optical studies were carried out. The fluorescence spectra from 5 D 4 to the 7 F 3,2,1 manifolds are reported at 12 K, showing fewer transitions from the higher energy Stark levels in the 5 D 4 . The spectra analyzed at the two different temperatures permit us to confirm the splitting of most of the 5 D 4 manifold. The fluorescence spectra are instrumental to the analysis of the magneto-optical spectra reported later.
III. ENERGY LEVELS AND WAVE FUNCTIONS FOR TB 3+ IN TBGAG
The crystal-field splitting of the septet and quintet states, as represented by the experimental Stark levels reported in Tables I-IV , was modeled using a parametrized Hamiltonian that includes Coulombic, spin-orbit, and interconfigurational interaction terms of the Tb 3+ ͑4f 8 ͒ free ion, and crystal-field terms representing the D 2 symmetry sites of the Tb 3+ ion in terbium gallium garnet. 25 The free-ion parameters were obtained from Carnall et al. 26 for Tb 3+ in aqueous solution. The free-ion wave functions in a Russell-Saunders basis ͑SLJ͒ calculated by diagonalizing the free-ion part of the Hamiltonian were used as basis states to form a linear superposition of states for intermediate coupling ͓͑SL͔J͒. Twenty seven of the lowest-energy manifolds ͑below 40 000 cm −1 ͒ were used in a truncated set of intermediate-coupled states to set up the crystal space for the D 2 crystal-field symmetry. The Wybourne notation 27 was used in formulating the crystal-field Hamiltonian, which was then diagonalized together with the effective free-ion Hamiltonian, to give a set of energy ͑Stark levels͒.
We checked our results against eigenvalues obtained from programs described by several authors in Newman and Ng 3 to verify the final set of calculated Stark levels and to confirm the minimization procedure used to obtain the final set of crystal-field parameters. The initial set of crystal-field parameters was taken from Refs. 29 and 30. In the fitting procedure, the initial set of crystal-field parameters was held constant while first adjusting the centroids. [31] [32] [33] The crystalfield parameters were then allowed to vary along with the Tables I and III. centroids in an iterative fashion to obtain a final set. 34, 35 Eighty calculated-to-experimental Stark levels were included in the crystal-field splitting analysis, resulting in a rms of less than 8 cm −1 and a well-defined global minimum. The final set of crystal-field parameters is listed as a footnote in Table  V , along with the Stark-level energies, symmetry labels, and wave functions used to interpret the magneto-optical data.
We chose a coordinate system in which the nine crystalfield parameters are real and the z-quantum axis is parallel to the ͓001͔ crystal axis and perpendicular to the XY plane. 29 To evaluate the results obtained from the Zeeman and MCPE measurements, we used the wave functions transformed according to the coordinates used by Guillot et al. 19 for Tb 3+ in Y 3 Ga 5 O 12 and Bayerer et al. 36 for Tb 3+ in Y 3 Al 5 O 12 ͓yt-trium aluminum garnet ͑YAG͔͒, where XЈ was chosen parallel to the ͓001͔ crystal axis, perpendicular to the YЈZЈ plane. The coordinate transformation of the wave functions was carried out using the Wigner D functions. 37 If we use prime labels ͑⌫Ј n ͒ to identify the symmetry labels used by Guillot et al. 19 and Bayerer et al., 36 our labels are related as ⌫ 1 ϵ ⌫Ј 1 , ⌫ 2 ϵ ⌫Ј 3 , ⌫ 3 ϵ ⌫Ј 4 , and ⌫ 4 ϵ ⌫Ј 2 . The wave functions in our coordinate system are given in columns 2 and 3 of Table V , and the transformed wave functions are listed in columns 4 and 5, with the experimental energy of the Stark levels given in column 1 of the table. The set of wave functions listed in columns 4 and 5 were used in the following analysis of the magneto-optical data.
IV. ABSORPTION OF CIRCULARLY POLARIZED LIGHT IN A MAGNETIC FIELD
The absorption spectra of 5 D 4 are shown in Fig. 5 at 1.8 and 78 K in the absence of a magnetic field. In Fig. 6 we show the absorption spectra of 5 D 4 obtained at 85 K in the presence of a magnetic field of 7 kOe. The solid curve represents the right and the dotted curve represents the left circularly polarized light traveling through the crystal parallel to the ͓110͔ axis. The absorption peaks are labeled 1-9 along with the transition assignments made from the optical analyses described earlier. Peaks 1 and 7 are similar in both polarizations. Peaks 4, 5, and 6 have a significant Zeeman splitting with relative changes in their amplitudes in the different polarizations. Doublet peaks 2 and 3, and 8 and 9 in Fig. 6 show several interesting features. With an increase in the magnetic field, we observe an increase in the energy separation between the transitions in the right circular polarization + spectrum. This is clearly seen from the magnetic field dependence of the effective Zeeman splitting ⌬ + eff , for the doublet absorption peaks 2 and 3 shown in the inset in Fig. 6 . Secondly, the same peaks nearly overlap in the presence of an external magnetic field of about 7 kOe for the opposite polarization − in the same direction of the magnetic field. Decomposition of the complex contour of the doublets into Gaussian-type components 24 has shown that this phenomenon is essentially due to a decrease in the Zeeman splitting ⌬ − eff of the absorption lines in the left circular polarization − when there is an increase in the magnetic field, as shown in the inset.
At first sight, the features of the Zeeman effect for absorption peaks 2 and 3, and 8 and 9 appear to be explained by a simple model based on symmetry-allowed transitions in opposite circular polarizations + and − between the Stark levels that are split by the external longitudinal magnetic field. While these transitions are allowed by selection rules, this is possible only between the quasidoublet states of Tb 3+ in TbGaG. However, our data suggest that there is a decrease in the Zeeman splitting between these absorption peaks, which actually approaches zero, so that we cannot consider a scheme of transitions such as quasidoublet→ quasidoublet as observed in the magneto-optical spectra of other nonKramers rare-earth ͑RE͒ ions. 38, 39 Instead, we must consider the possibility of two effects that are acting at the same time: ͑1͒ the Zeeman splitting itself and ͑2͒ the shift in energy of the Stark components in the presence of the magnetic field as a result of the mixing of the crystal-field wave functions. This combination complicates the interpretation of the observed magneto-optical data. Indeed, further consideration shows that such a decrease in the Zeeman splitting is achieved only for a scheme of transitions between a quasidoublet and "pure" doublet states when the difference in their behavior is a result of the Tb 3+ ion remagnetization. 5 Actually, for the quasidoublet levels that are "mixed" by the magnetic field, the signs of the angular momentum projections remain unchanged during the remagnetization, and a reorientation of the quasidoublet magnetic moment takes place due to changes in the sign of the magnetic field. 7 This moment is induced by the field itself ͑Van Vleck paramagnetism 5 ͒. At the same time, the wave functions of the pure doublet state are transformed so that a reorientation of the magnetic moment connected with the sign change of the external field takes place due to a sign inversion of the angular momentum projections for sublevels split by the external field. Such states are equivalent in their behavior during remagnetization 
Calc. Due to remagnetization, inversion of the Zeeman doublet sublevels results in a scheme whereby we observe a significant decrease in the resulting splitting of the absorption lines 2, 3 and 8, 9 as shown in the diagram in Fig. 7 . An analysis of the Zeeman data shows this scheme to be appropriate for absorption peaks 2 and 3 represented as transitions Fig. 6 
where g z and g y are the corresponding components of the g tensors of the doublet and quasidoublet states. Here ⌬ 0 is the "initial" splitting of quasidoublet ͑⌫Ј 1 , ⌫Ј 2 ͒ in the crystal field, and H z and H y are the Tb 3+ local coordination system projections of the external magnetic field; B is the Bohr magneton. Likewise, we can write for the same Tb 3+ position, the following expression for the Zeeman splitting ⌬ − for the doublet and quasidoublet states that are combined in the left circular polarization − as
If we now extend these expressions over all groups of nonequivalent RE ion positions in the garnet structure ͑with Calculated splitting based on crystal-field parameters listed in Table V. e Calculated symmetry labels ⌫ n , obtained using parameters listed in Table V. f Stark levels obtained from analyses of temperature-dependent transitions in the absorption spectra.
g Spectroscopic labels for Stark levels reported in Table I. the following averaging process͒, we obtain expressions for the effective Zeeman splitting ⌬ + eff and ⌬ − eff . The process is one of combining the optical transitions of doublet and quasidoublet states in + and − polarizations, respectively, where the orientation of the external magnetic field H is along the ͓110͔ direction of the sample. We obtain
By approximating the experimental magnetic field dependence of the "effective" Zeeman splitting's ⌬ + eff and ⌬ − eff for absorption peaks 2 and 3 for a field of 7 kOe into expressions ͑3͒ and ͑4͒, and by substituting the initial crystal-field splitting value ⌬ 0 = 5.65 cm −1 for quasidoublet 5 D 4 ͑⌫Ј 1 , ⌫Ј 2 ͒ as well, we find that the g-tensor components of the doublet 7 F 6 ͑⌫Ј 1 , ⌫Ј 3 ͒ and quasidoublet 5 D 4 ͑⌫Ј 1 , ⌫Ј 2 ͒, are equal and correspond to g z = 18.0 and g y = 6.0. A similar analysis of the experimental data for the absorption peaks 8 and 9, representing the transition
gives values of g components of quasidoublet 7 F 6 ͑⌫Ј 1 , ⌫Ј 4 ͒ and doublet 5 D 4 ͑⌫Ј 4 , ⌫Ј 2 ͒ that are also equal and correspond to g x = 15.0 and g z = 8.5, taking into account the initial experimental crystal-field splitting of the quasidoublet ͑⌫Ј 1 , ⌫Ј 4 ͒ as ⌬ 0 = 4.5 cm −1 . We point out that the field dependence of the effective Zeeman splitting's ⌬ + eff and ⌬ − eff calculated with Eqs. ͑3͒ and ͑4͒ is nearly linear in magnetic field up to 7 kOe and describes the behavior of the experimental curves with satisfactory accuracy, as is shown in the inset in Fig. 6 Using the wave functions of the Stark levels of the quasidegenerate states of the manifolds 7 F 6 and 5 D 4 given in the g tensor of the quasidoublet states 5 D 4 ͑⌫Ј 1 , ⌫Ј 2 ͒ and 7 F 6 ͑⌫Ј 1 , ⌫Ј 4 ͒ are g y = 5.95 and g x = 15.54, respectively. We find good agreement between the g-tensor components obtained from our data and the calculated values using the wave functions from Table V. Such agreement supports the wave functions obtained from the crystal-field splitting calculation described in the previous section.
V. MAGNETICALLY INDUCED CIRCULARLY POLARIZED EMISSION
The spectral dependence of MCPE and the luminescence from 5 D 4 to 7 F 5 were obtained at 85 and 78 K, respectively. Both spectra are shown in Fig. 8 , covering a wavelength range between 540 and 549 nm. The observed dependence of P͑E͒ on transitions 7, 8, 10, 15 and 16 are linear with a sign reversal at their centers of "gravity." At the same time, the complex structure of the MCPE shape for the closely spaced 1-3 and 13 and, 14 lines of emission can be generated as the result of a superposition of the linear dependences P͑E͒ over the observed wavelength range. There is, however, an important difference between the MCPE values measured for emission lines 7 and 8, on one hand, and for 9, 10, 11, 15, and 16, on the other. Investigation of the MCPE and luminescence temperature-dependent spectra indicates that a narrowing of the luminescence lines observed when the temperature changes from 300 to 78 K can be correlated with an increase in the slope angles of the MCPE spectral dependence.
The observed spectral and temperature dependences of the transition 5 D 4 → 7 F 5 MCPE in TbGaG are typical for the so-called "diamagnetic" contribution ͑AЈ term of the nonKramers ion in MCPE spectra͒ 39, 40 characterized by the linear spectral dependence of the P͑E͒ value within the limits of the luminescence peak and the changing sign at its center. The slope angle of the P͑E͒ dependence is proportional to the effective Zeeman splitting ⌬E Zeem eff , of the doublet or quasidoublet states that are connected by the radiative 4f → 4f transition. 38, 39 The ratio of the doubled values of the products of the slope angles obtained from the experimental data in Fig. 8 to the square of the corresponding luminescence line half-width ⌫ 2 at 85 K allows us to determine the splittings responsible for the appearance of the AЈ term. Moreover, the AЈ term is proportional to the quasidoublet magnetic moment g . Its value also depends on the matrix element products of the radiative transition singlet → quasidoublet ͑or quasidoublet→ singlet͒: electric dipole from the Stark singlet ͑quasidoublet͒ to the quasidoublet ͑singlet͒ and magnetic dipole between quasidoublet states mixed by an external magnetic field. Thus, we are able to write 39 AЈ ϳ 2 Im͕͗j/ Z /k͗͘a/P X /j͗͘k/P Y /a͘ − ͗a/ Z /b͗͘a/P X /j͘ ϫ͗j/P Y /b͖͘, ͑5͒
where Z is the operator of the z projection of the magnetic moment of the quasidoublet, P X and P Y are the components of the ion dipole moment operator, ͉j͘ and ͉k͘ are the wave functions of the individual Stark levels in the 7 F 6 multiplet, and ͉a͘ and ͉b͘ are similarly the wave functions of the Stark levels in 5 D 4 . Thus, analysis of the diamagnetic features observed involving transitions between the Stark levels of 5 D 4 and 7 F 5 can be carried out using the symmetry-based selection rules for the dipole-moment components of the optical transitions. We can then determine the value ͑and sign͒ of the AЈ term from the MCPE spectra. 39, 40 The features observed in the MCPE spectrum that are associated with emission lines 12 manifolds, as determined from the MCPE spectral features. The agreement confirms the identification of these multiplet Stark sublevels identified earlier from both our crystal-field splitting calculations and analyses of the temperature-dependent ͑hot-band͒ absorption and fluorescence spectra ͑Tables I and IV͒.
In summary, an interpretation of the crystal-field splitting of the 7 F J , 5 D 4,3,2 , 5 G 6,5,4 , and 5 L 9,10 is reported, representing the optical spectra observed in the infrared and near ultraviolet. Fluorescence from stoichiometric TbGaG supports assignments made to the temperature-dependent spectra observed in absorption. A crystal-field splitting calculation predicts energy ͑Stark͒ level splitting and crystal-field splitting wave functions that interpret the optical and magneto-optical data reported in this study. The large values obtained for the magneto-optical parameters suggest the possibilities for designing magneto-optical modulators and isolators for numerous photonic applications.
